Synthesis, characterization and visible light photocatalytic activity of nitrogen-doped zinc oxide nanospheres  by Lavand, Atul B. & Malghe, Yuvraj S.
S
n
A
D
a
A
R
R
A
A
K
N
R
X
V
N
P
1
c
[
p
m
n
t
o
i
T
e
a
u
o
o
t
t
c
t
C
h
2Journal of Asian Ceramic Societies 3 (2015) 305–310
Contents lists available at ScienceDirect
Journal  of  Asian  Ceramic  Societies
HOSTED BY
j ourna l ho me  page: www.elsev ier .com/ loca te / jascer
ynthesis,  characterization  and  visible  light  photocatalytic  activity  of
itrogen-doped  zinc  oxide  nanospheres
tul  B.  Lavand,  Yuvraj  S.  Malghe ∗
epartment of Chemistry, The Institute of Science, 15, Madam Cama Road, Mumbai 400032, India
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 18 March 2015
eceived in revised form 21 May  2015
ccepted 9 June 2015
vailable online 26 June 2015
a  b  s  t  r  a  c  t
Pure  and Nitrogen  (N)-doped  ZnO  nanospheres  were  successfully  prepared  using  microemulsion  method.
X-ray diffraction  (XRD)  study  indicates  formation  of  nanosized  N-doped  ZnO  with  wurtzite  phase.  Nitro-
gen  incorporation  into  oxygen  site  of  ZnO  causes  lattice  compression  and  small  peak  shift  toward  lower
2  value.  Raman  and  Fourier  transform  infrared  (FTIR)  measurements  revealed  the  presence  of  N  in  ZnO
lattice. Scanning  electron  microscopy  (FESEM)  study  revealed  spherical  morphology  of pure  and  N-doped
ZnO samples.  UV–visible  spectra  show  that  N-doping  signiﬁcantly  enhanced  the  light absorption  capac-eywords:
anoparticles
aman
-ray techniques
isible light
-doped ZnO
ity  of ZnO  in  the  visible  region.  N-doped  ZnO  exhibits  higher  photocatalytic  activity  compared  with that
of  commercial  and  pure  ZnO  nanoparticles.  As prepared  nanosized  N-doped  ZnO  photocatalyst  is highly
stable and  reusable.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.hotocatalytic activity
. Introduction
Semiconductor photocatalysis is a useful technique for puriﬁ-
ation of waste water by the chemical utilization of solar energy
1,2], which is capable of converting the hazardous organic com-
ounds into carbon dioxide and inorganic constituents. TiO2 is the
ost widely used photocatalyst because of its cost effectiveness,
ontoxicity, and structural stability [3,4]. Currently, it is reported
hat ZnO has better activity in photocatalytic degradation of some
rganic contaminants compared to that of TiO2 [5,6]. However,
ts use in photocatalysis is restricted by wide band gap (3.37 eV).
hus, only ∼3 to 5% UV light of the solar energy that reaches the
arth can be utilized for photocatalytic reactions when ZnO is used
s the catalyst. Also, its instability in acid conditions, rapid bulk
se due to aggregation, and low surface area of the bulk form are
ther factors which decrease the photocatalytic efﬁciency. Numer-
us efforts have been put forth to overcome these drawbacks and
o improve the photocatalytic activity of pure ZnO, which includes
he preparation of nanoparticles, combination with other semi-
onductors [7,8], and doping with a heteroatom [9,10]. Among
hese methods, doping is the most considerable method. Nitrogen∗ Corresponding author. Tel.: +91 22 22844219; fax: +91 22 22816750.
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produchas been considered as the best candidate for doping because it has
a similar ionic radius as oxygen and also has the smallest ioniza-
tion energy among the group V elements [11]. There are various
methods reported for the preparation of N-doped ZnO nanopar-
ticles, including sol gel method [12], microwave synthesis [13],
pulsed laser deposition [14,15], etc. The microemulsion method is
an efﬁcient way to synthesize nanosized metal oxides. The main
advantages of this method are the low reaction temperature, the
short processing time, control of morphology, and the attractive
effect of preventing agglomeration in the formed nanoparticles.
Also the nanoparticles prepared are homogeneous [16–18].
In the present work, we report the synthesis of N-doped ZnO
nanospheres using microemulsion method. The photocatalytic
activities of the materials were evaluated by measuring the degra-
dation of malachite green (MG) under visible light irradiation.
2. Experimental
2.1. Photocatalyst preparation
Pure ZnO was prepared according to our previous work reported
in literature [19]. In a typical synthesis, 1 M solution of zinc nitrate
was prepared by dissolving 29.74 g of Zn(NO3)2·6H2O in 100 mL
distilled water. 2 M sodium hydroxide solution was prepared by
dissolving 8 g of NaOH in 100 mL  distilled water. To 28.8 mL  1 M zinc
nitrate, 35.5 mL  cyclohexane, 8 mL  butanol and 5.90 g N,N,N-cetyl
trimethyl ammonium bromide were added. In another solution,
tion and hosting by Elsevier B.V. All rights reserved.
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Table 1
Rietveld reﬁned structural parameters for pure and N-doped ZnO.
Sample Lattice parameters c/a Particle
size (nm)
a = b [Å] c [Å] V [Å3]06 A.B. Lavand, Y.S. Malghe / Journal of 
8.8 mL  2 M NaOH, 35.5 mL  cyclohexane, 8 mL  butanol and 5.90 g
,N,N-cetyl trimethyl ammonium bromide were mixed. Both these
olutions were stirred continuously with the help of magnetic stir-
er to form clear solutions. These clear solutions were mixed with
ach other and resultant mixture was transferred to 250 mL  Teﬂon
ined autoclave and heated in an oven at 150 ◦C for 1 h. Solid prod-
ct formed was separated by centrifugation, washed with distilled
ater followed by ethanol and ﬁnally with acetone and dried in an
ven at 60 ◦C. Precursor obtained was calcined at 500 ◦C for 2 h in
ir to get pure ZnO. N-doped ZnO was prepared using same method
y adding 2 g of guanidine nitrate as a nitrogen source. Commercial
nO was purchased from SD-Fine, Mumbai, India having particle
ize 45 ± 10 nm.
.2. Characterizations
Crystal structures of pure and N-doped ZnO nanoparticles
ere analyzed by X-ray diffractometer (Rigaku, Miniﬂex-II) using
onochromatized CuK radiation ( = 0.15405 nm)  with scanning
ate of 2◦2 min−1. The chemical structures were studied using
ourier transform infrared spectrophotometer (Perkin-Elmer). Ele-
ental analysis of N-doped ZnO was carried out using CHNS
nalyzer (Perkin-Elmer, 2400 series-II). Morphologies of ZnO pow-
ers were observed using scanning electron microscopy (FE-SEM)
ZEISS, Ultra-55). Raman scattering was performed using a HORIBA
obin-Yvon Lab RAM Aramis system with excitation at 532 nm by
iode pumped solid state laser. Particle size distribution study of
he sample was carried out using particle size analyzer (Nanosight,
TA, LM-20). For the measurement, samples are prepared in Milli
 water and sonicated in sonicator (Vibronics VS80) for 15 min.
hen sample was placed in sample chamber which has a volume of
0.3 mL.  It is illuminated by laser and dispersed light was captured
y high sensitivity camera via microscope. Band gap energies of
ynthesized nanopowders were evaluated from UV–visible spectra
ecorded using UV–visible spectrophotometer (Shimadzu, Model-
800).
.3. Photocatalytic activity test
Photocatalytic activity of nanosized pure/N-doped ZnO pho-
ocatalyst was tested for degradation of malachite green (MG)
olution. Reaction suspension was prepared by adding 0.05 g pho-
ocatalyst in 100 mL,  10 ppm MG  solution. This aqueous suspension
as stirred in the dark for 30 min  to attain adsorption–desorption
Fig. 1. (a) XRD patterns of precursor, commercial ZnO and as prepared pure (undopPure ZnO 3.2621 5.2184 47.698 1.5997 34
N-doped ZnO 3.2510 5.2054 47.606 1.6011 28
equilibrium. Later, the solution was  irradiated with visible light.
The visible light irradiation was  carried out in a photo reactor
using a compact ﬂuorescent lamp (65 W,   > 420 nm, Philips). Tem-
perature of test solution was maintained constant throughout the
experiment by circulating water around the solution. Amount of
MG was  monitored by sampling out 5 mL  of aliquot solution at
regular time intervals. Catalyst was ﬁrst separated by centrifuga-
tion and the concentration of MG  in the supernatant solution was
estimated using UV–visible spectrum recorded in the wavelength
range 200–800 nm.
3. Results and discussion
Fig. 1(a) shows XRD patterns of the precursor, pure ZnO, N-
doped ZnO, and commercial ZnO obtained from SD Fine. All the
peaks obtained after heating the precursor at 500 ◦C are assigned
to standard hexagonal wurtzite ZnO crystal structure (JCPDS 36-
1451). No other peaks corresponding to N were detected. We
observed a slight peak shift toward lower angles and small vari-
ation in lattice parameters induced by N doping (Fig. 1(b)). The
Rieteveld reﬁnement calculations obtained for lattice parameters
are presented in Table 1. It shows that a-axis (3.2621 A˚) and c-
axis (5.2184 A˚) lattice spacing of pure ZnO decreases to 3.2510
and 5.2054 A˚, respectively with N-doping. Fig. 1(b) revealed that
N-doping shows considerable peak broadening and decrease in
crystallinity as compared to pure ZnO, which is due to change in
grain size. These results demonstrate that N was  successfully incor-
porated in ZnO lattice. The average crystallite sizes of the products
based on full width at half maximum of diffraction peaks are cal-
culated using Debye-Scherrer equation, and are found to be 34 and
28 nm for pure and N-doped ZnO, respectively.Fig. 2(a) and (b) exhibits the FESEM morphology for Pure and N-
doped ZnO sample prepared at 500 ◦C, respectively. The products
obtained from microemulsion method revealed spherical morphol-
ogy. The average diameter of spheres is around 15–35 nm.  It shows
ed) ZnO and N-doped ZnO samples, and (b) expanded view of XRD patterns.
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hat ZnO particles are uniform and homogeneously distributed. The
DX analysis is used to determine chemical composition of ZnO
amples. Typical EDX spectra of pure and N-doped ZnO show the
resence of zinc (Zn), and oxygen (O). The EDX pattern of N-doped
ample shows existence of nitrogen (N) together with Zn and O,
ndicating the successful doping of nitrogen in the ZnO matrix. The
resence of nitrogen in ZnO lattice was also conﬁrmed by CHNS
lemental analysis (Fig. S1), and N content is found to be 3.50%.
Supplementary Fig. S1 related to this article can be found, in the
nline version, at doi:10.1016/j.jascer.2015.06.002
Particle size distribution of commercial ZnO, as synthesized pure
nd N-doped ZnO was studied using particle size analyzer and
Fig. 3. Particle size distribution of (a) commercial ZnO and as prepX spectra for (a) pure ZnO and (b) N-doped ZnO.
presented in Fig. 3. Fig. 3(a) shows that particle size of commer-
cial ZnO varies between 25 and 80 nm with average particle size
of 45 nm.  Particle size of pure ZnO prepared in the present work
varies over range from 20 to 70 nm with average particle size 39 nm
(Fig. 3(b)). Particle size of as synthesized N-doped ZnO (Fig. 3c)
varies between 15 and 60 nm with average particle size of 31 nm
which is in agreement with the size obtained from FESEM studies.
FTIR spectra of the precursor, pure ZnO, and N-doped ZnO are
presented in Fig. 4. Precursor shows absorption peaks at 3468 and
1630 cm−1 which corresponds to characteristic of O H stretching
and bending vibration of the water molecule [20]. Two peaks at
1390 and 1502 cm−1 for N-doped ZnO sample may correspond to
ared (b) pure (undoped) ZnO and (c) N-doped ZnO samples.
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Fig. 6. UV–visible spectra of commercial ZnO, as prepared pure ZnO and N-dopedig. 4. FT-IR spectra of the precursor, pure (undoped) ZnO, and N-doped ZnO.
he vibration of the Zn N bonds [21], representing that the doping
f ZnO with nitrogen was successful. This spectrum also shows
bsorption peaks below 600 cm−1 which corresponds to the char-
cteristic absorption of Zn O bond in zinc oxide. FTIR spectra of
roduct obtained after heating the precursor at 500 ◦C for 2 h show
hat peak corresponds to OH vibrational modes are removed.
Raman spectra for pure ZnO and N-doped ZnO are presented
n Fig. 5. It shows that common peak corresponds to the E2 (high)
ibration mode which is characteristic of the wurtzite phase of
nO located at 439 cm−1. This is consistent with the conclusions
f structural analysis obtained from the XRD spectra of pure and
-doped ZnO. The peak at 331.5 and 379.8 cm−1 corresponds to
he second order (E2 (high) – E2 (low)) and A1 (TO), respectively
22]. The other peaks at A1 (276.1 cm−1), A3 (509.6 cm−1) and A1
LO) (580 cm−1) are due to local vibration modes of nitrogen in ZnO
23]. Peak at 276.1 cm−1 is attributed to the localized vibration of
n atoms, where parts of their ﬁrst nearest neighbor O atoms are
eplaced by N atoms in the ZnO lattice [24]. Raman Peaks observed
−1t 509.6 and 580 cm are due to incorporation of nitrogen in the
xygen sites of the ZnO lattice [25–27]. The nitrogen related peaks
276.1 cm−1), (509.6 cm−1), and (580 cm−1) are absent in undoped
pure) ZnO sample. The Raman spectroscopic observation conﬁrms
Fig. 5. Raman spectra of pure ZnO and N-doped ZnO samples.ZnO samples, and inset Tauc plots, (˛hV)2 versus photon energy (hv) for commercial
ZnO and as prepared pure ZnO and N-doped ZnO samples.
N doping in the lattice and shows that pure ZnO sample does not
contain nitrogen.
The absorption properties of the commercial ZnO, pure ZnO and
N-doped ZnO samples were investigated with UV–visible spec-
troscopy (Fig. 6). White colored commercial and as synthesized
pure ZnO has an absorption cutoff edge at 375 and 402 nm. After N-
doping, as obtained pale yellow N-doped ZnO display an additional
tail-like absorption in the visible region. The band gap energy of
ZnO samples was estimated using Tauc plot (Inset). The band gap
energy of commercial ZnO was found to be 3.30 eV. Band gap energy
of pure and N-doped ZnO prepared at 500 ◦C is 3.08 and 2.40 eV,
respectively. Band gap of N-doped ZnO is less as compared to pure
ZnO, due to this reason it absorbs longer wavelength (visible) light.
The contribution of nitrogen to the top of the valence band (VB) of
ZnO plays the major role of extending the absorption of N-doped
ZnO to the visible region.
The photocatalytic activity of N-doped ZnO nanoparticles was
examined for MG degradation under visible light irradiation. The
absorption spectra of MG solution after different time intervals
in the presence of catalysts are shown in Fig. 7. In the absence
of catalyst, no signiﬁcant change in absorption intensity of MG
was observed even up to 120 min, which means MG  is fairly sta-
ble to visible light irradiation. In the presence of N-doped ZnO,
the intensity of absorption peaks at 616 nm decreases dramatically
with increased irradiation time, suggesting that MG  degradation is
occurring. The reaction is ﬁnished within 90 min, representing that
N-doped ZnO nanoparticle can efﬁciently degrade MG.
Fig. 8 exhibits photocatalytic degradation curves of MG with
different photocatalysts, where C0 and C are initial MG  concen-
tration and residue concentration of MG  after irradiation time
interval, respectively. In the absence of photocatalyst, MG  solution
remains unchanged after longtime visible light irradiation, show-
ing MG structure is very stable and the degradation cannot take
place. The photocatalytic activities of N-doped ZnO, pure ZnO and
commercial ZnO nanoparticles were also performed under iden-
tical experimental conditions. The commercial ZnO and pure ZnO
degrade ∼52 and 80% of MG  in 120 min. N-doped ZnO nanopar-
ticles show complete degradation of MG solution in 90 min, and
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pFig. 7. UV–visible spectra of MG at different ti
wn the most excellent photocatalytic performance in comparison
ith pure ZnO and commercial ZnO particles. Graph of ln(C0/C)
gainst reaction time shows linear relationship, which indicates
hat photodegradation of MG follows ﬁrst-order kinetics. The rate
onstants were determined as 0.0064, 0.0129, and 0.0260 min−1
or commercial ZnO, as prepared pure ZnO and N-doped ZnO,
ig. 8. The plots of ln(C0/Ct ) against illumination time for degradation of MG  in
resence of different photocatalyst.tervals in presence of different photocatalyst.
respectively. The order of rate constants is as follows: N-doped
ZnO > pure ZnO > commercial ZnO. The calculated speciﬁc surface
areas of the commercial ZnO (average particle size 45 nm), pure
ZnO (39 nm)  and N-doped ZnO particles (31 nm)  are 23.8, 27.5 and
34.6 m2/g, respectively (using 5.6 g/cm3 as the density of ZnO). The
high photocatalytic performance of the N-doped ZnO is mainly
Fig. 9. Reuse of photocatalyst up to fourth cycle.
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ttributed to the large speciﬁc surface area, small crystal size and
nhanced visible light absorption capacity due to nitrogen doping.
Stability test of as synthesized N-doped ZnO was  performed by
epeating the reaction four times using recovered photocatalyst.
he data obtained were presented in Fig. 9. It shows that there is no
oticeable decrease in the photocatalytic activity for N-doped ZnO,
nd it was observed up to fourth cycle. This indicates that N-doped
nO prepared in the present work is highly stable and reusable.
. Conclusions
In this study, we report synthesis of visible light activated
-doped ZnO nanospheres using microemulsion method. Opti-
al study clearly shows red shift in the absorption spectra
ue to N-doping. The photocatalytic degradation of MG  follows
seudo-ﬁrst order kinetics over pure and N-doped ZnO catalysts.
-doped ZnO sample prepared at 500 ◦C showed excellent visi-
le light photocatalytic activity. Photocatalytic degradation rate
or pure and N-doped ZnO was found to be 1.29 × 10−2 min−1 and
.6 × 10−2 min−1, respectively. This was due to the signiﬁcantly
nhanced absorption ability of N-doped ZnO in the visible region,
mall crystal size, and larger surface area. The catalyst is highly
table and can be used repeatedly.
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